A new process, which is a combination of dry processes for flue gas desulfurization and selective catalytic reduction of NOx with NH3 for simultaneous removal of SOx and NOx from the flue gas, was developed using a powder-particle fluidized bed. In the process, SOx was removed by fine sorbent, and NOx was reduced to N2 with NH3 catalyzed by coarse DeNOx catalyst in a powder-particle fluidized bed reactor.
The powder-particle fluidized bed was made of a stainless steel tube of 0.053m internal diameter and 1.0m in height above the distributor.
Three kinds of fine sorbents, iron oxide dust (a by-product of steel production), sodium-based sorbents (sodium bicarbonate and sodium carbonate), and copper-based fluidized medium particles. 
Introduction
Power plants are the major source of sulfur oxides (SOx) and nitrogen oxides (NOx). The rapid increase in demand for electric power aggravates the pollution problems caused by the oxides. Currently, the most widely used technologies for cleaning up the deleterious oxides in the flue gas of power plants are wet Flue Gas Desulfurization (FGD) and dry Selective Catalytic Reduction (SCR) of NOx with ammonia1),2). These technologies are widely used in the developed countries, e.g., Japan, United States, and Germany for achieving 90% removal of SOx and NOx from the flue gas.
The traditional SCR technology used NH3 over a metal oxide catalyst to reduce NOx to N2 in the range, 623-723K, which coincides with the temperature range of flue gas between the economizer and preheater at power plants. The On the other hand, the wet FGD process suffers from the problems of low heat efficiency and high cost.
To eliminate such problems of wet FGD process, the dry FGD process was found to reduce the cost effective by promoting the heat efficiency.
In the dry FGD process, some sorbents such as nH2O, x=1.5-1.8, n=0.3-1.0), copper oxide supported on alumina8) (CUO/Al2O3), sodium bicarbonate and sodium carbonate9)-11) (NaHCO3 and Na2CO3) can be used for removing the SO2 in the same SCR reaction temperature range. The copper oxide supported on alumina was used also as DeSOx sorbent and DeNOx catalyst for simultaneous removal of SOx and NOx12),13), The waste material of red mud, a by-product of aluminum smelting plants, containing significant amounts of iron oxide and other oxides exhibited sufficient rate for SO2 absorption, and it could be considered as a low-cost sorbent for SO2 removal14),15). The iron oxide contained in the low-cost material of ocher also exhibited catalytic activity for reduction of NOx by ammonia16), 17) For removal of SO2 above 80%, the dry FGD process, however, suffers frequently from the problems associated with handling large amounts of solid sorbent due to their low SO2 removal rates. Reducing the size of sorbent to increase its surface area proved to be effective for accelerating the reaction rate and for increasing the overall utilization of the sorbent18), 19) . Because of the tendency of fine sorbents to agglomerate readily, there could be a serious problem on their use in the flue gas.
By adopting a Powder-Particle Fluidized Bed (PPFB), which was developed by Kato et al.20) ,21), a new dry process, which is a combination of dry FGD and SCR processes for simultaneous removal of SOx and NOx from the flue gas was proposed22)-25) by the authors.
A conceptual illustration of PPFB for simultaneous removal of SOx and NOx is shown in Fig. 1 . The PPFB is a fluidized bed of binary-solids, consisting of coarse particles and fine powders.
In the PPFB system, fine powders are fed continuously to the bed in which the coarse particles are fluidized. The fine powders, which are fluidized with the coarse particles in the bed, move through the bed, adhere to the coarse particles, and finally elutriate from the bed. Advantages of PPFB are as follows: (1) Fluidization of coarse particles prevents fine powders from agglomeration and makes it possible for the fine powders to disperse and fluidize uniformly.
Thus, PPFB can be used to smoothly fluidize such easily agglomerative fine powders as those of group C of the Geldart classification.
(2) The average residence time of fine powders is quite long, that is, from ten to hundred times longer than that of gases by adhering on the surfaces of the coarse particles21). (3) With the use of fluidized medium particles having catalytic properties, catalytic reactions can be carried out in PPFB. Because of its several obvious advantages as gassolid contactor for fine powders in the range of size from several to some tens of microns in diameter, it has been successfully applied to decarbonization of SiC powders20), drying of fine particles26),27), reduction of fine iron oxide particles28), catalytic pyrolysis of coal29)-31) and desulfurization using lime and limestone powders and slurries19),32).
The object of this work is to search for optimum combination of DeSOx sorbents and DeNOx catalysts and to optimize operating conditions in PPFB for simultaneous removal of SO2 and NO.
Experimental

Apparatus and Procedure
A schematic diagram of the experimental apparatus22)-25) is shown in Fig. 2 . The system consisted essentially of a micro-feeder, a powderparticle fluidized bed reactor, a bag filter, and analyzers for monitoring the concentrations of SO2 and NO.
The PPFB reactor was made of a stainless steel A porous sintered plate was used as a distributor.
The sorbent from the micro-feeder was continuously fed to the bottom of the fluidized bed, placed 0.03m above the distributor.
Below the distributor, a stainless steel tube packed with porcelain pipes was used as preheater and premixer.
The reactor and preheater were heated by two separate external electric furnaces, both controlled with PID controllers. The reaction temperature
was measured with a thermocouple immersed in the fluidized bed.
The experimental procedure was as follows: The fluidized bed was first loaded with a certain amount of coarse particles such as silica sand or DeNOx catalyst to a desired static height of bed. Air from a compressor was passed through an oil filter and the flow rate was measured using orifice meters.
The air, preheated and premixed, was fed to the bottom of the fluidized bed. The coarse particles in the bed were fluidized by air at a desired flow rate, and the temperature was raised to a desired level. After a steady temperature profile was established throughout the bed, SO2 and NO from the cylinders were introduced at such rates to yield predetermined concentrations of SO2 and NO at inlet.
The flow rates of SO2 and NO were controlled by rotameters and their concentrations at inlet were measured by SO2 and NO analyzers through a by-pass line.
When the system was in a steady state under the desired operating conditions, the fine powders of sorbent from the microfeeder were continuously fed to the bottom of the fluidized bed in which the coarse particles were fluidized and SO2 absorption was in progress. The used sorbent elutriated from the fluidized bed was collected in a bag filter.
The sorbent could be regenerated or disposed of. Ammonia was introduced directly to the bottom of the reactor for catalytic reduction of NO to yield N2.
Concentrations of SO2 and NO at outlet were measured continuously with an infrared gas analyzer (Shimadzu IRA-107 continuous gas analyzer) and a chemiluminescence analyzer (Yanaco ECL-77A automatic NOx analyzer), respectively. Leakage of NH3 was measured with NH3 detecting tubes. Used sorbents were examined for measuring the sulfur distribution in the used sorbent with a Scanning Electron Microscope (SEM), equipped with an Energy-Dispersive Spectrometer (EDS) analytical system.
Materials
The properties of fine SO2 sorbents used in this study are shown in Table 1 . The iron oxide dust, a by-product of steel production, contains considerable amounts of iron oxides along with silicon and calcium and several other metal oxides. The result of chemical analysis of the iron oxide dust is given in Table 2 . Sodium bicarbonate, sodium carbonate, and copper oxide (CuO) were commercially available. Sorbents of copper oxide supported on alumina particles with addition supplied by JGC Corporation.
Compositions of the supported copper oxide sorbents are shown in Table 3 .
Three kinds of coarse particles, inactive silica WO3/TiO2, were used as coarse Fluidized Medium Particles (FMP). Their properties are shown in Table 4 . Silica sand was used as inert reference One mole of copper, two moles of sodium, 2/3 mole of iron, are required theoretically to remove one mole of SO2.
The efficiency of removal of SO2 and NO is defined as the ratio of the difference between inlet and outlet concentrations of SO2 and NO to the inlet concentrations of SO2 and NO. The following experiments were conducted under usual constant conditions, i.e., superficial gas velocity (Ug) of 0.5m/s, static bed height (Ls) of 0.3m, inlet concentrations of SO2 and NO of 500ppm.
Results and Discussion
3.1.
Experiments Using Sorbent of Iron Oxide Dust The effect of reaction temperature on the removal of SO2 for iron oxide dust is shown in Fig. 3 . The removal of SO2 using WO3/TiO2 catalyst as fluidized medium particle is clearly greater than that using silica sand, since the catalyst for removal of NOx is also active for catalytic oxidation of SO2 to SO34). Studies indicated that absorption of SO3 on metal oxides was more favorable compared to that of SO215),33), The reaction scheme in presence of DeNOx catalyst may be catalytic oxidation of SO2 to SO3 followed by absorption on the metal oxide. Thus, the reaction rate of sulfation is increased in the presence of DeNOx catalyst. At low and high temperatures, 573K and 873K, the removal of SO2 using WO3/TiO2 catalyst as fluidized medium particle was almost equal to that using silica sand. The reason may be that the active temperature range of WO3/TiO2 catalyst for catalytic oxidation of SO2 to SO3 was the same as the active temperature range (673-803K) for catalytic reduction of NO. The activity for catalytic oxidation of SO2 to SO3 can be neglected at low and high temperatures, that is, the greater the distance from the active temperature, the lower was the activity for catalytic oxidation of SO2 to SO3.
Thus, the efficiency of removal of SO2 using WO3/TiO2 catalyst and that using silica sand as fluidized medium particles showed no significant difference at 573K and 873K.
The effect of static height of bed on the removal of SO2 for iron oxide dust is shown in Fig. 4 . The removal of SO2 increased with increasing static height of bed. This is because the average residence time of sorbent increases with the increase in height of bed21). The removal of SO2 increased from 20 to 75% when the static height of bed was increased from 0 to 0.3m.
The removal of SO2 was significantly low when no fluidized medium particles existed in the bed. This meant that the contact time between sorbent and gas was extremely short in this case. This observation confirmed that large fluidized medium particles used in this work were very useful to disperse the fine sorbent uniformly and to increase its average residence time in the reactor, a significant advantage of PPFB. Experimental results22) showed that the removal of SO2 increased with increase in the mole ratio of Fe/S and decrease in the superficial gas velocity. The removal of SO2 turned out to be almost independent of NH3 concentration. The dependence of the removal of NO on mole ratio of NH3/NO at inlet, reaction temperature, and mole ratio of Fe/S, for iron oxide dust using silica sand as fluidized medium particle, is shown in Fig. 5 . It is interesting to note that the removal of NO is significantly low without iron oxide dust feeding (Fe/S=O), but it increases sharply with increasing iron oxide dust feeding to Fe/S=3. It is obvious that iron oxide dust not only serves as SO2 sorbent but also contributes to catalytic reduction of NO to N2 in the presence of NH3. This result is consistent with that of the study by Wallmarl and Carlsson17) who reported that reduction of NOx occurred at much lower temperatures by using fire clay and bed ash containing iron oxide than by using quartz.
The removal of NO increased by increasing the temperature from 573 to 773K.
Moreover, by increasing the temperature above 823K, the concentration of NO at outlet was greater than that at inlet due to the oxidation of NH3 to NO.
The removal of NO also increased with increasing the mole ratio of NH3/NO. However, when the mole ratio was above 1.5, the removal of NO appeared to be almost independent of the concentration of NH3. Although only 50% removal of NO was obtained at temperature of 773K and NH3/NO mole ratio of 1, the result showed that the present process was much more efficient for the removal of NO as compared to the commercially used process of Selective Noncatalytic Reduction (SNR) with ammonia, which yielded 30-50% removal of NO at much higher temperatures, 1173-1273K, and at higher NH3/NO mole ratios, 1.5-234). Leakage of NH3 is a serious problem in this process; the problem usually exists also in the SNR process.
The use of DeNOx catalyst as fluidized medium particle was superior in suppressing NH3 leakage as indicated by the leakage level as low as 3ppm in SCR processes achieved4).
The effect of mole ratio of NH3/NO on the removal of NO for iron oxide dust using WO3/ TiO2 catalyst as fluidized medium particle is shown in Fig. 6 . The removal of NO increased with increasing mole ratio of NH3/NO when it was less than 1, and approached 100% when it was greater than 1; however, the optimal condition for the reaction is to perform at nearly one mole ratio of NH3/NO. There was no significant effect of reaction temperature on removal of NO in the temperatures range 573-773K. The concentration of leaked NH3 was almost zero when the NH3/ NO ratio was less than 1.
Experiments Using Sodium-based Sorbents
The effects of reaction temperature on the removal of SO2 for Na2CO3 and NaHCO3 sorbents using three kinds of fluidized medium particles are shown in Figs. 7(A), (B) . The removal of SO2 increased with increasing temperature for Na2CO3 sorbent. The removal of SO2 for NaHCO3 sorbent increased with increasing temperature from 373K up to 473K, the optimum temperature, and above it, the removal declined.
Minimum Removal of SO2 is significantly greater using particle than that using WO3/TiO2 catalyst and silica sand.
From 573 to 673K, SO2 removals of about 68-71% and 27-69% were obtained using particle for sorbents of NaHCO3 and Na2CO3, WO3/TiO2 catalyst promoted oxidation of SO2
catalyst enhanced SO2 removal.
Under the optimal condition of NH3/NO mole ratio of 1, the effect of reaction temperature on the removal of NO for NaHCO3 sorbent using WO3/ It is shown in Fig. 11 (B) that NO removal was below 37% when silica sand was used as fluidized medium particle. K2SO4 under the same operating conditions. The effect of K2SO4 on the removal of NO was confirmed in previous studies35)-37). It was found that the activity of DeNOx catalyst was suppressed by potassium salts, such as K2SO4.
From the removal of SO2 shown in Fig. 11(A) , and the removal of NO in Fig. 11(B 
Conclusions
A new dry process for simultaneous removal of SO2 and NO from flue gas using a powder-particle fluidized bed was developed.
The following results were obtained. 1) Iron oxide dust appeared to be a potential lowcost sorbent for removal of SO2 and a catalyst for reduction of NO with NH3. 
